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Background Controlling the spread of SARS-CoV-2 is problematic because of transmission driven by
asymptomatic and pre-symptomatic individuals. Community screening can help identify these individ-
uals but is often too expensive for countries with limited health care resources. Low-cost ELISA assays
may address this problem, but their use has not yet been widely reported.

I;Z{gf)crgj_z Methods We developed a SARS-CoV-2 nucleocapsid ELISA and assessed its diagnostic performance
Nucleocapsid on nose and throat swab samples from UK hospitalised patients and sputum samples from patients in
ELISA Ghana.

Diagnosis Results The ELISA had a limit of detection of 8.4 pg/ml antigen and 16 pfu/ml virus. When tested

Test on UK samples (128 positive and 10 negative patients), sensitivity was 58.6% (49.6-67.2) rising to 78.3%
(66.7-87.3) if real-time PCR Ct values > 30 were excluded, while specificity was 100% (69.2-100). In a
second trial using the Ghanaian samples (121 positive, 96 negative), sensitivity was 52% (42.8-61.2) rising
to 72.6% (61.8-81.2) when a > 30 Ct cut-off was applied, while specificity was 100% (96.2-100).

Conclusions: Our data show that nucleocapsid ELISAs can test a variety of patient sample types while
achieving levels of sensitivity and specificity required for effective community screening. Further investi-
gations into the opportunities that this provides are warranted.

© 2021 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

Introduction

Coronavirus disease 2019 (COVID-19) is an acute life-
threatening disease that can leave survivors with long-term
sequelae.! COVID-19 deaths stand at over 3.7 million,? and al-
though there now are effective vaccines to prevent disease,~>
it will likely take several years for them to be administered
on a large scale in economically disadvantaged parts of the
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world. In the interim other measures will be required to control
transmission, particularly in vulnerable settings such as hospitals.

Testing plays an important role in managing disease out-
breaks, particularly in the case of SARS-CoV-2, where both pre-
symptomatic and asymptomatic individuals are able to transmit
virus to others.® Deciding which test to use in any particular set-
ting depends on a trade-off between test sensitivity, turn-around
times, logistic requirements and costs. The gold standard assay
for detecting SARS-CoV-2 is the polymerase chain reaction (PCR);
a nucleic acid-based test requiring expensive infrastructure and
reagents. Loop-mediated isothermal amplification (LAMP) also de-
tects nucleic acid and benefits from reduced infrastructure and
reagent costs.”-® However, reagent and infrastructure costs associ-
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ated with LAMP are still significant, in particular those associated
with RNA purification - a requirement for maximum sensitivity to
be achieved.”

In comparison to nucleic acid test modalities, tests detecting
abundant viral protein antigens such as nucleocapsid (Nc) typi-
cally have lower infrastructure and reagent costs. Several commer-
cial lateral flow device (LFD) tests detecting SARS-CoV-2 Nc already
exist.” With short turnaround times, LFDs offer the advantage of
point-of-care testing. They are also relatively cheap to run as there
is no need for lab and/or additional equipment to process tests and
the more basic ones do not require a reader. However, LFDs suffer
from moderate to low sensitivity compared to PCR.'0-'* Also, while
those LFD tests that do not require additional instrumentation are
cheaper to perform than nucleic acid tests, there remains uncer-
tainty as to their exact cost for low and middle-income countries
(LMICs). Gates Foundation support has allowed commercial LFDs
to be provided at no more than $5/test.’> However, if this upper
limit cost is close to the actual cost the limited health care budgets
in LMICs will still be stretched, particularly as pharma companies
prefer to use third-party agents for distribution in LMICs, driving
up costs as much as 5-10 fold.

Enzyme linked immunoassays (ELISAs) are another means by
which Nc antigen can be detected. While ELISAs are slower to gen-
erate test results, they are typically able to detect lower levels of
antigen compared to LFDs. Also while ELISAs do require lab pro-
cessing, the laboratory infrastructure needed for this is minimal,
with reading of the plates even being possible using mobile phone
apps.'® Importantly, ELISAs can be manufactured at a much lower
unit cost/test than LFDs, making their use in certain LMIC settings
attractive. In this study, we have developed an in-house ELISA and
tested it using a variety of upper and lower respiratory tract sam-
ples from different population settings in both the UK and Ghana.

Materials and methods
Cloning and expression of nucleocapsid proteins

The gene sequences for SARS-CoV-2 nucleocapsid phosphopro-
tein (Nc, Gene ID: 43740575), HKU1 Nc (Gene ID: 3200423), 0C43
Nc (Gene ID: 39105221), 229E Nc (Gene ID: 918763) and NL63 Nc
(Gene ID: 2943504) were purchased as codon-optimized DNAs for
expression in E. coli (GeneArt - ThermoFisher Scientific). For de-
tails of their cloning and expression see the methods section in
Supplementary materials.

Polyclonal anti-SARS-CoV-2 sera

Recombinant SARS-CoV-2 Nc protein was used to immunize 2
rabbits and the polyclonal antibody (pAb) from each resultant sera
was affinity-purified against the immunizing antigen (Eurogentec;
Speedy Rabbit immunization programme). Pooled pAb was biotiny-
lated with a 25 molar excess of N-hydroxysuccinimide (NHS)—4 x
polyethylene glycol (PEG4)-Biotin (Sigma) for 2 h at 4 °C, dialysed
overnight at 4 °C against PBS and stored as aliquots at —20 °C until
used.

SARS-CoV-2 NC-capture ELISA assay

MAXISORP NUNC-IMMUNO plates were coated with 50 ul/well
anti-SARS-CoV-2 pAb at 1.5 pg/ml overnight at 4 °C. Plates were
washed 5 x 5 min with Tris-buffered saline supplemented with
0.05% Tween-20 (TBS-T, pH 7.2), before blocking with 300 ul/well
of 0.1 M NaH,PO4/Na,HPO,4 (pH 7.2), 0.15 M NaCl, 0.05% (v/v)
Tween-20 and 1% (w/v) bovine serum albumin (BSA) for 1 hr at
room temp. The blocking buffer was removed and 50 wl/well sam-
ple added. Each plate also included a series of dilutions of re-
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combinant SARS-CoV-2 Nc as an internal control. Antigen incuba-
tion was performed at RT for 1 h. The plates were then washed
5 x 5 min with TBS-T before addition of 1.25 pg/ml (50 wl/well) of
biotinylated, affinity-purified rabbit o-SARS-CoV-2 IgG, diluted in
0.1 M NaH,P04/Na,HPO,4 buffer (pH 7.2), 0.15 M NaCl, 0.05% (v/v)
Tween-20 and 10% (v/v) rabbit serum (Sigma). Plates were incu-
bated for 1 h at room temp and washed again 5 x 5 min with TBS-
T. Horseradish peroxidase (HRP) - Avidin conjugate (BioLegend)
was diluted 1:2500 in blocking buffer and added at 50 pl/well. Af-
ter 1 h incubation at RT, plates were washed 6 x 5 min with TBS-T
before addition of 50 wl/well of 3,3’,5,5’-tetramethylbenzidine sub-
strate solution (SeraCare), which was left to develop for 1 h at
room temperature. Reactions were stopped with 50 ul/well of 1 M
H,SO,4 solution and a plate reader used to measure absorbance at
450 nm.

SARS-CoV-2 cell culture

A low passage SARS-CoV-2 isolate Australia/VIC01/2020 (Gen-
Bank ID: MT007544.1) was obtained from the Defence Science and
Technology Laboratories at Porton Down and propagated a further
2 to 3 times on Vero E6 cells (European Collection of Authenticated
Cell Culture) to obtain the working stocks used in all experiments.
During virus propagation, cells were maintained in DMEM (Invit-
rogen) supplemented with 4% FCS, 50 u/ml penicillin, 50 ug/ml
streptomycin, 25 mM HEPES. Viral titre was determined by plaque
assay on Vero E6 cells.

Clinical samples: Southampton

Nose and throat swab samples were collected from patients ad-
mitted to the Southampton General Hospital (University Hospital
Southampton Foundation NHS Trust) within 24 h of testing positive
for COVID-19 by RT-PCR, using the QIAstat-Dx Respiratory SARS-
CoV-2 panel.'” Target sequences amplified encompass coding re-
gions from both the viral polymerase and E gene. Ct values are
derived from whichever is the most abundant of these two tar-
get sequences. Samples from PCR-negative healthy controls were
also obtained. Patient information regarding date of sampling, age,
gender, duration of symptoms prior to recruitment, Ct values and
ELISA results are available in supplementary information. All swabs
were stored dried at —80 °C until processed for ELISA analysis,
with both processing and subsequent testing being performed with
operators blinded to infection status and Ct value.

Clinical samples: University of Ghana

The ELISA assay was evaluated in Ghana at the West African
centre for Cell Biology of Infectious Pathogens(WACCBIP)- Univer-
sity of Ghana. Specimens used in this case were from a variety
of individuals and collected by various methods; PCR-confirmed
positive samples were from any of i) anonymised patient iso-
lated obtained as part of WACCBIP’s ongoing genomic surveillance
study from Tamale Teaching Hospital, Cape Coast Teaching Hos-
pital, Veterinary Services Directorate COVID-19 testing centres in
Takoradi and Accra and ii) consented WACCBIP research partici-
pants who tested positive. Negative samples were obtained from
WACCBIP research participants who tested PCR-negative during
random screening activities. PCR detection used a World Health
Organization (WHO)-approved commercial kit (Da An Gene Com-
pany). Target sequences for PCR amplification encompassed the
coding region of ORFla/b and the N gene. Ct values presented
represent the average of these two reads. Where available, infor-
mation regarding date of sampling, age, gender, the presence of
symptomatic infection, Ct values and ELISA results for each indi-
vidual in the cohort are presented in supplementary information.
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Samples obtained through the genomic surveillance project were
a mixture of sputum, nasal lavage as well as swabs in transport
medium, whereas samples collected by WACCBIP were primarily
sputum. Specimen aliquots used for the ELISA were either taken
from the sample used for PCR and sequencing, or collected at the
same time as the sample used for PCR diagnosis. Samples obtained
through genomic surveillance were stored upon collection (and af-
ter a positive-PCR result) at —80 °C or —20 °C depending on the
facility. They were transported to WACCBIP in dry ice and either
transferred to a —20 °C freezer or processed immediately for the
ELISA. Samples collected by WACCBIP were either processed imme-
diately or stored at —20 °C until processing.

Sample processing

Respiratory samples were processed into a viral lysis buffer
(VLB) comprising 1% (v/v) Triton X-100 / 0.3% (v/v) tri butyl phos-
phate, 1X Complete EDTA-free protease inhibitor and 5 mM EDTA
in Dulbecco Phosphate Buffered Saline (PBS) before use. Briefly, dry
nasal swabs were immersed in VLB (0.4 ml and 1.0 ml for UK and
Ghana samples respectively) for 15 min. Wet oropharyngeal swabs
stored in viral transport medium (VTM) were supplemented with
0.1 vol of 11X VLB. Sputum samples were initially mixed with 1 mL
of PBS to reduce the viscosity and 300 pL of this solution sup-
plemented with 30 pl volumes of 11X VLB. Sample processing of
nasal lavage was similar to VTM from wet swabs. All samples pro-
cessed for ELISA were either used immediately or stored frozen un-
til needed.

Ethical approval

The Southampton clinical arm of the study was approved by the
South Central - Hampshire A Research Ethics Committee: REC ref-
erence 20/SC/0138, on the 16th March 2020. The protocol is avail-
able at: (https://eprints.soton.ac.uk/439309/2/CoV_19POC_Protocol_
v2_0_eprints.pdf).

The Ghanaian clinical arm of the study conformed to the
Ghanaian Public Health Act, 2012 (Act 851) and the Data Protection
Act, 2012 (Act 843). Ethical approval for this study was obtained in
Ghana from the Ethics Board of the College of Basic and Applied
Sciences, University of Ghana and the Ethics Committee of the
Ghana Health Service (ECBAS 063/19-20 and GHS-ERC 011/03/20).

Results
Developing a capture ELISA for SARS-CoV-2 NC

Recombinant SARS-CoV-2 Nc expressed in E.coli was used to
raise antisera in New Zealand rabbits. The resultant polyclonal an-
tibody (pAb) displayed strong reactivity to SARS-CoV-2 Nc by in-
direct ELISA, producing a robust signal that reached saturation at
concentrations ~1 pg/ml (Fig 1a). Western blot showed pAb recog-
nised SARS-CoV-2 Nc but did not cross-react with recombinant Nc
from the other 4 coronaviruses endemic within the human popu-
lation (Fig 1b).

Using the pAb, a capture ELISA was developed that relied on
a non-biotinylated form of the antibody to capture Nc from solu-
tion and a biotinylated form to detect captured antigen. After opti-
mization the ELISA demonstrated a dynamic response signal up to
concentrations of 1600 pg/ml using recombinant Nc and a linear
dose-response below 400 pg/ml (R? = 0.999, SE = 0.005) (Fig 2a,
b). Based on the regression analysis at this lower dose range the
limit of detection (LoD) was 8.4 pg/ml (LoD = 3.3 x ¢/S) and the
limit of quantification was 25.5 pg/ml (LoQ = 10 x ¢/S). Consistent
with our previous Western blot data, the presence of recombinant
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Nc from other coronavirus species did not generate a signal in the
ELISA except at very high concentrations > 4 pg/ml (Fig 2c).

When expressed in an infected cell, Nc is phosphorylated. To
ensure the capture ELISA recognised native viral Nc, we tested its
ability to detect virus from uv-inactivated SARS-CoV-2 viral su-
pernatants in the presence of detergent. Using a series of two-
fold dilutions of three independently generated cell culture super-
natants, the capture ELISA was found to have a LoD between 8
and 16 pfu/ml, depending on the viral supernatant used (Fig 3a).
Further analysis established that the ELISA recognised Nc from
both membrane-protected and unprotected compartments within
the viral supernatants, consistent with it recognising both virion-
associated and non-virion-associated antigen (Fig 3b).

Analysis of clinical samples by nucleocapsid capture ELISA

To assess the capacity of the ELISA to diagnose SARS-CoV-2 in-
fection, nose and throat swab samples were collected from patients
admitted to the Southampton University Trust Hospital within 16 h
of testing positive for COVID-19 by quantitative syndromic PCR.!”
In total 138 samples were tested, 128 of which were from con-
firmed PCR positive cases (median Ct value = 29.8, interquartile
range (IQR) = 23.0 to 32.2) and 10 of which came from PCR nega-
tive controls. The median (IQR) age of the infected patients was 64
years (60-74). The median (IQR) time from symptom onset to re-
cruitment was 7 days (3-10). From the ELISA read values it was
clear that the signal from the negative controls was universally
low but the signal from the positive sample varied considerably
(Fig 4a), with there being both negative signals as well as many
strong signals exceeding the linear range of the Nc dose-response
curve, present as an internal control for all assays. Specificity of
the assay was excellent but given the low numbers of negative
controls in the trial, confidence levels were wide (100% (95% CI,
69.2-100)). The sensitivity of the assay was lower but with tighter
confidence intervals (58.6% (95% Cl, 49.6-67.2). Stratifying the data
against Ct values obtained from the earlier syndromic PCR values
showed that the sensitivity of the assay increased if the analysis
was restricted to patients with low Ct values (i.e. high viral loads)
(Fig 4b). If samples with Ct values > 30 were excluded sensitivity
was 78.3% (95% Cl, 66.7-87.3; 69 positive samples), and if samples
with Ct values > 26 were excluded this increased to 87.0% (95% CI,
73.7-95.1; 46 positive samples). Grouping the cohort into different
Ct value ranges and examining the ELISA signals in each of these
subdivisions suggested that there was a relationship between RNA
concentration and Nc levels (Fig 4c). To analyse this relationship in
more detail, concentrations of Nc were determined using the inter-
nal standard curves run within the assay. For those samples where
the signal exceeded the linear range of the standard curve addi-
tional ELISA analysis was done using serial dilutions of the sam-
ples. This revealed a significant inverse linear relationship between
Ct values and log(10) Nc concentration (p < 0.0001), albeit with a
modest R? value of 0.54 (Fig 4d).

Analysing ELISA using diverse samples in Ghana

To examine the performance of the ELISA in an LMIC setting,
the assay was evaluated in Ghana at the West African centre for
Cell Biology of Infectious Pathogens (WACCBIP) at the University of
Ghana. Specimens used in this case were from a variety of loca-
tions and individuals. Analysis of a small number of oropharyngeal
swabs collected in VTM (n = 24) and nasal lavage fluids (n = 4)
from COVID-19 patients suggested that such samples were very
poor substrates for ELISA analysis (data not shown). For this rea-
son, sampling predominately focussed on the collection of sputum
which provided a more robust ELISA signal. In total 217 samples
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Fig. 1. Reactivity of rabbit polyclonal antibody against recombinant SARS-CoV-2 Nc. (a) Direct ELISA using purified pAb against SARS-CoV-2 Nc to detect this same antigen.
Each pAb was assessed in a separate ELISA. Included in each ELISA were negative control wells incubated with the highest concentration of pAb tested and which resulted
in a mean OD495 signal of less than 0.06 (data not shown). Data derives from a single experiment with technical replicates (mean +/- SD; n = 3). (b) Specific detection of
SARS-CoV-2 Nc by Western blot using pooled rabbit pAb (right panel) and where each well contains 100 ng recombinant Nc. A Coomassie stained gel containing 1 mg/well
of the same human endogeous coronavirus Nc protein used in the Western analysis is also shown (left panel).
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Fig. 2. Detection of Nc by capture ELISA. (a) Data from capture ELISA using a range of different concentrations of recombinant SARS-CoV-2 Nc. Values shown represent
the data from 13 independent experiments after subtraction of the background signal (mean +/- 95% C..). (b) Subset of data from (a) examining the linear relationship
between signal and Nc concentration at lower concentrations of Nc (<400 pg/ml). (¢) Results from a single experiment looking at the response to different concentrations
of recombinant Nc from different human coronaviruses (mean +/- S.D. from technical triplicates).

were tested, 121 of which were from confirmed positive cases (me-
dian Ct value = 25, IQR = 23.3 to 33.9). Consistent with results
obtained with Southampton samples, all negative samples had low
absorbance values as assessed by the Nc ELISA whereas the signal
from the positive samples varied widely (Fig 5a). Again specificity
was seen to be high, with much tighter confidence intervals be-
cause of the higher numbers in the negative control group (100%
(95% CI, 96.2-100)). Sensitivity was broadly similar to that seen for
the Southampton samples, either when all positive samples were
included in the analysis (52% (95% CI, 42.8-61.2)) or when the Ct
cut off threshold was reduced to 30 and below (72.6% (95% CI,
61.8-81.2; 84 positive samples)) (Fig 5b). Restricting the analysis
to samples where there was information on clinical presentation
(n = 48), no obvious difference in sensitivity could be observed
between the 21 symptomatic (81.0% (95% CI, 58.1-94.6)) versus
27 asymptomatic (74.1% (95% CI 53.7-88.9)) cases. These relatively
high sensitivity values compared to the cohort overall likely re-
flect the high viral loads in this subsection of the cohort (mean
Ct values of 20.9 and 22.7 respectively). Although no assessment
of Nc concentration was undertaken, it was clear that ELISA sig-
nal strength increased with decreasing Ct values of the samples
(Fig 5¢). However, it was also apparent that there were small num-

bers of samples with very low Ct values that failed to generate a
signal in the ELISA assay (i.e. 4 samples with a Ct < 20 proved test
negative).

Discussion

There is currently an unmet need for low-cost SARS-CoV-2 di-
agnostic tests in LMICs. In this study, we investigated whether a
standard ELISA-based platform offered a potential solution to this
problem. Initial development work produced an Nc ELISA specific
for SARS-CoV-2 that detected levels of recombinant Nc protein
as low as 8.4 pg/ml and infectious virus from cell culture super-
natants at levels between 8 and 16 pfu/ml. Assessment of ELISA
performance using nose and throat swab samples from a UK co-
hort with severe COVID found the test to have a sensitivity of
58.6% (95% CI, 49.6-67.2) and specificity of 100% (95% CI, 69.2-
100). A repeat assessment of performance using sputum samples
from Ghana produced similar results, with a sensitivity of 52.0%
(95% Cl, 42.8-61.2) and specificity of 100% (95% CI, 96.2-100).

Accessibility, frequency and the time taken from sampling to
obtaining a result are all key factors in ensuring effective popu-
lation screening for SARS-CoV-2, with analytical limits of detection
being of secondary importance.’® The low cost and minimal lab
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Fig. 3. Detection of Nc from cell culture supernatant. (a) Detection of Nc from three separate viral supernatants of known titre that were first uv-inactivated and then treated
with 1% Tx100 + 0.3% TBP. Data represents the mean +/- SD from 3 separate readings with values compared against the background control (* = p < 0.05; paired t-test).
(b) uv-inactivated viral supernatants were immunodepleted with anti-Nc pAb or mock immunodepleted, subsequently treated or not treated with 1% Tx100, 0.3% TBP and
then assessed by ELISA. Data shown represents mean +/- SD (* p < 0/05, # p < 0.01; paired t-test) from one of 2 representative experiments.

equipment requirements needed to run ELISAs make them both
accessible and cost-effective when performing frequent repeated
sampling. Analysis of ELISA performance in large-scale SARS-CoV-2
community screening programmes has yet to be undertaken. How-
ever, there is reason to think that the findings reported here are
of relevance and support the use of ELISAs in such settings. Firstly,
ELISA performance was robust given it produced broadly similar
results using samples from Ghana and the UK even though sam-
ple types were different and different lab personnel were running
the two arms of the trial. Secondly, although the positive samples
were predominately from symptomatic patients, looking at Ct val-
ues as an inverse proxy for the viral load it appears that these
were either higher (UK median Ct 30, IQR 23.3-32) or equivalent
(Ghana median Ct 26.2, IQR 19.7-31.1) to those that have been en-
countered in a national screening programme (median Ct 26.2, IQR
19.7-31.1). Ct values vary between studies due to variables such
as the efficiency of the PCR reaction, target sequence, sample vol-
ume and sample handling so using them to make comparisons has
to be approached with caution. However, at least for the UK cohort,
the high Ct values are also likely due to the time of sampling. Vi-
ral titres are considered to peak around the time individuals first
become symptomatic.?? Increasing the time between symptom on-
set and testing for the presence of Nc in patients still positive by
PCR also reduces Nc-based test sensitivity.?! As the UK cohort sam-
ples came from patients admitted to hospital with severe COVID-
19, many had been symptomatic for a week or more (median time

7 days, IQR range of 3-10 days) and thus would be expected to
have relatively low titres. Consequently, the overall sensitivity of
the ELISA calculated from using our UK hospital cohort may be a
slight underestimate of what might be seen if the ELISA was used
in community screening.

A key aim of community screening is to identify individuals
with high viral loads, as these individuals will be the most infec-
tious.22 While there is a correlation between Ct values and recov-
ery of infectious virus, there remains some ambiguity as to what
the Ct threshold might be above which individuals can be consid-
ered non-infectious, with different studies reporting widely vary-
ing results.?3>-7 However, based on current WHO guidance those
individuals most infectious have test Ct values lower than 25-30.28
When analysis of our ELISA test results was limited to Ct values
of 30 or below, the sensitivity of the ELISA was 78.3% (95% CI,
66.7-87.3) and 72.6% (95% CI, 61.8-81.2) respectively for the UK
and Ghana arms of the study. When the analysis was restricted
to Ct values of 26 or below sensitivity increased to 87.0% (95% (I,
73.7-95.1) and 74.6% (95% CI, 62.5-4.5). These aforementioned sen-
sitivities are broadly similar to that of a commercial direct LAMP
saliva assay (83% and 94% with Ct cut-offs of < 33 and < 25) cur-
rently employed as a screening tool in the UK.2° They also compare
favourably to the sensitivities reported in a head-to-head compar-
ison of 5 commercial LFDs looking at asymptomatic individuals
with Ct values < 30.3% Nc ELISA performance also appears similar
to that seen for the Innova LFD,!? a test system widely employed
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Fig. 4. An evaluation of the Nc capture ELISA to detect SARS-CoV-2 infection using samples from a hospitalised UK patient cohort. Dry nose and throat swabs were taken
within 16 h of patients receiving a positive syndromic PCR test. (a) ELISA signal from samples recovered from swabs after reconstitution in 0.4 ml lysis buffer. Dotted line
represents the cut-off threshold (mean+/- 3xS.D. of negative control signals). (b) Plot of assay sensitivity against maximum Ct cut-off thresholds generated from syndromic
PCR test. (c) Plot of individual OD450 readings from all samples separated into different Ct range categories with the cut-off threshold represented as a dotted line. (d) Plot
of Nc concentration versus Ct value; R? and SE values derived from linear regression analysis. All concentration values were derived from samples taken from PCR positive
patients with those values falling below the LoQ (25 pg/ml) plotted as this threshold value.

by the UK government for community surveillance; see Table S1
for comparison. An added advantage to the ELISA format is that
it is compatible with sputum, the preferred sample type in LMICs
due to difficulties and costs associated with swab collection. Com-
munity screening requires robust test performance for both symp-
tomatic and asymptomatic individuals with high viral loads. While
we found no obvious difference in test sensitivity between symp-
tomatic and asymptomatic cases in the Ghanaian arm of our study,
a potential limitation of this study was the relatively few individu-
als for which clinical presentation data was available.

Ct values and Nc concentration have previously been reported
to be tightly correlated.?!-3> Therefore, one of the more puzzling
observations from this study was the more limited correlation that
we observed. Part of the explanation will be due to separate swabs
being taken for PCR analysis and then ELISA analysis, with there
being up to 24 h between the two sampling events. Even if the
two samples had been taken simultaneously, evidence suggests as
much as a 100-fold variation can be observed in sampling when
taking consecutive nasal swabs.>> Nonetheless, it is harder to ex-
plain a similar phenomenon seen with the sputum samples, where
occasional very low Ct value samples appeared to contain no de-
tectable Nc. One explanation could be that protease inhibitors in
sample processing buffer failed to completely suppress protease
activity in some samples and Nc was subsequently destroyed. Anti-
gen masking resulting from the presence of Nc antibodies in the
sample is another possible explanation. However, antigen masking
has been discounted as a significant problem by others** and use
of pAb in our capture ELISA reduces the likelihood of it further.
Failure to detect Nc in low Ct samples may of course reflect gen-
uine absence of the antigen in the sample. However, given that

virions contain a very high molecular ratio of Nc to viral RNA,*
the RNA for the PCR signal would have to then come from else-
where. Replication associated vesicles released from infected cells
could be this source,® as although not established, it seems likely
that the ratio of Nc to viral RNA in them would be lower that
of virions. However there would still need to be conditions in
the lung, such as the presence of opsonizing antibodies directed
against viral envelope proteins,>’ for Nc levels to drop more pre-
cipitously than viral RNA levels. Given this later possible explana-
tion and the implications it would have for antigen-based testing,
it would be interesting to see whether there is a downward shift
in the ratio of Nc to viral RNA in both infected individuals that had
been previously vaccinated as well as in re-infected individuals.

When obtaining 2 reads per sample and including Nc controls
in each plate, the experimental cost of reagents and consumables
for running a Nc sputum-based ELISA was 0.31 GBP/sample in the
UK and 0.46 GBP/sample in Ghana (Tables S2 and S3). Obviously
other costs would be associated with use of the ELISA such as
employment of a trained technician ($0.21 per sample in Ghana)
and provision of basic lab infrastructure. However, even with these
additional costs taken into account the ELISA is still significantly
cheaper than the $50/individual commercial antigen test deployed
for screening incoming travellers in Ghana. The cheap costs make
large-scale screening both feasible and desirable and should also
allow for repeated sampling from the same individual, increasing
accuracy and reliability.'

In summary, our results support further investigations into the
use of Nc ELISAs for large-scale screening programmes in LMICs.
Consumable costs associated with the Nc ELISA are approximately
10-fold lower than the current commercial prices charged for both



JID: YJINF
Low-cost ELISA testing for SARS-CoV-2

a
1
'-:.ro
1 ia
3 2
< sesee®
8 °g°o8” b |
0.1 T D
2, Sesesh
L ﬁ
0.01 T T
SARS-CoV-2 SARS-CoV-2
positive negative
b 1.0q
0.8+
>
S 0.6
2
S 0.4
(7]
0.2+
0-0-'l'l'l'l'l'rl'l'l'l'l'l'l'l'l'rl'l'l'l'l'l'l'l'l'|
20 30 40
Maximum Ct cutoff
threshold value
c 10
L
e ue
o 15 s ° ::k‘ ®e .
g * L4 L) ® : [ ]
L ) !
8 : ::.. e
0.1 o -
o °=.go o0
0.01 T T T

Ct value ranges

Fig. 5. An evaluation of the Nc capture ELISA to detect SARS-CoV-2 infection using
sputum samples from a Ghanaian cohort. PCR was performed on the same sample
used for testing by ELISA. (a) Plot of ELISA signal from all PCR +ve and PCR negative
samples. Dotted line represents the cut-off threshold (mean +/- 3xS.D. of negative
control signals). (b) Plot of assay sensitivity against maximum Ct cut-off thresholds.
(c) Plot of individual OD450 readings from all samples separated into different Ct
range categories with the cut-off threshold represented as a dotted line.

lateral flow testing and direct LAMP testing. While large-scale pro-
duction and internal validation of an ELISA system would require
industry involvement, we anticipate that ELISA testing would still
offer a much lower cost test platform than anything else currently
employed, especially if developed in an LMIC such as Ghana since
third party and transportation costs would be significantly dimin-
ished.

Declaration of Competing Interest

TWC has received discounted equipment and consumables from
QIAGEN to support the independent research study that collected
the patient samples used in this study. He has received speaker
fees, honoraria, travel reimbursement, equipment and consumables
free of charge for research outside of this submitted study from

[m5G;October 11, 2021;11:34]

Journal of Infection xxx (xxxx) xxx

BioFire Diagnostics and BioMerieux; consultancy fees from Synair-
gen Research, Randox Laboratories, and Cidara Therapeutics; is a
member of an advisory board for Roche and a member of two
independent data monitoring committees for trials sponsored by
Roche; and has acted as the UK chief investigator for an investi-
gational medicinal product study sponsored by Janssen. RWE, CS,
IK and pH are co-founders of Highfield Diagnostics Ltd. All other
authors declare no competing interests.

CRediT authorship contribution statement

Maria Victoria Humbert: Conceptualization, Data curation, For-
mal analysis, Investigation, Methodology, Validation, Visualization,
Writing - review & editing. Precious Chinonyerem Opurum: Data
curation, Investigation, Validation. Nathan ] Brendish: Resources,
Writing - review & editing. Stephen Poole: Resources, Writ-
ing - review & editing. Peijun He: Writing - review & edit-
ing. loannis Katis: Writing - review & editing. Jerry Quaye:
Resources. Yaw Bediako: Resources. Patrick Jacques Duriez: Re-
sources, Writing - review & editing. Robert W Eason: Writing
- review & editing. Collin Sones: Funding acquisition. Oshourne
Quaye: Conceptualization. Gordon A Awandare: Conceptualization.
Myron Christodoulides: Conceptualization, Funding acquisition,
Project administration, Writing - review & editing. Tristan W
Clark: Conceptualization, Data curation, Writing - review & edit-
ing. Peter K Quashie: Conceptualization, Data curation, Funding
acquisition, Project administration, Supervision, Writing - review
& editing. Christopher ] McCormick: Conceptualization, Data cu-
ration, Formal analysis, Funding acquisition, Investigation, Project
administration, Supervision, Visualization, Writing — original draft,
Writing - review & editing.

Acknowledgments

We thank patients, clinical teams and testing personnel at
the various hospital sites, all study volunteers and various team
members whose contributions, aided either sample collection or
processing, especially the WACCBIP Next Generation Sequencing
team, Dr. Gloria Amegatcher and Miriam Dede Adjetey. Work at
Southampton was funded by a joint grant from the Rosetrees Trust
and The John Black Charitable Foundation, and by the University
Hospitals Southampton NHS Foundation Trust. Experiments per-
formed at the University of Ghana was funded by a Cambridge Alb-
orada Grant (G109329). PKQ and YB are funded by Crick African
Network fellowships (CAN/A00004/1 and CAN/A00003/1 respec-
tively). The views expressed in this publication are those of the
authors and not necessarily those of the funders.

Data sharing

The data analyzed and presented in this study are available
from the corresponding author on reasonable request, providing
the request meets local ethical and research governance criteria.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jinf.2021.08.049.

References

1. Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HC. Pathophysiology,
transmission, diagnosis, and treatment of coronavirus disease 2019 (COVID-19):
a review. JAMA 2020;324(8):782-93. doi:10.1001/jama.2020.12839.

2. John Hopkins University Coronavirus resource center. https://coronavirus.jhu.
edu/map.html [accessed 9th June 2021].


https://doi.org/10.1016/j.jinf.2021.08.049
https://doi.org/10.1001/jama.2020.12839
https://coronavirus.jhu.edu/map.html

JID: YJINF

Low-cost ELISA testing for SARS-CoV-2

3.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, et al. Efficacy and safety of
the mRNA-1273 SARS-CoV-2 Vaccine. N Engl ] Med 2021;384(5):403-16. doi:10.
1056/NEJMo0a2035389.

. Polack FP, Thomas SJ, Kitchin N, Absalon ], Gurtman A, et al. Safety and efficacy

of the BNT162b2 mRNA COVID-19 vaccine. N Engl ] Med 2020;383(27):2603-15.
doi:10.1056/NEJM0a2034577.

. Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, et al. Safety and

efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an
interim analysis of four randomised controlled trials in Brazil, South Africa, and
the UK. Lancet 2021;397(10269):99-111. doi:10.1016/s0140-6736(20)32661-1.

. Buitrago-Garcia D, Egli-Gany D, Counotte MJ, Hossmann S, Imeri H, et al.

Occurrence and transmission potential of asymptomatic and presymptomatic
SARS-CoV-2 infections: a living systematic review and meta-analysis. PLoS Med
2020;17(9):e1003346. doi:10.1371/journal.pmed.1003346.

. Dao Thi VL, Herbst K, Boerner K, Meurer M, Kremer LP, et al. A colorimetric

RT-LAMP assay and LAMP-sequencing for detecting SARS-CoV-2 RNA in clinical
samples. Sci Transl Med 2020;12:556. doi:10.1126/scitranslmed.abc7075.

. Yoshikawa R, Abe H, Igasaki Y, Negishi S, Goto H, et al. Development and eval-

uation of a rapid and simple diagnostic assay for COVID-19 based on loop-
mediated isothermal amplification. PLoS Negl Trop Dis 2020;14(11):e0008855.
doi:10.1371/journal.pntd.0008855.

. Everitt ML, Tillery A, David MG, Singh N, Borison A, et al. A critical review of

point-of-care diagnostic technologies to combat viral pandemics. Anal Chim Acta
2021;1146:184-99. doi:10.1016/j.aca.2020.10.009.

Corman VM, Haage VC, Bleicker T, Schmidt ML, Miihlemann B, et al. Com-
parison of seven commercial SARS-CoV-2 rapid point-of-care antigen tests:
a single-centre laboratory evaluation study. Lancet Microbe 2021. doi:10.1016/
$2666-5247(21)00056-2.

. Landaas ET, Storm ML, Tolldnes MC, Barlinn R, Kran AB, et al. Diagnostic per-

formance of a SARS-CoV-2 rapid antigen test in a large, Norwegian cohort. |
Clin Virol Off Publ Pan Am Soc Clin Virol 2021;137:104789. doi:10.1016/j.jcv.2021.
104789.

Pérez-Garcia F, Romanyk ], Gémez-Herruz P, Arroyo T, Pérez-Tanoira R, et al.
Diagnostic performance of CerTest and Panbio antigen rapid diagnostic tests
to diagnose SARS-CoV-2 infection. J Clin Virol Off Pub Pan Am Soc Clin Virol
2021;137:104781. doi:10.1016/j.jcv.2021.104781.

Peto T. COVID-19: rapid antigen detection for SARS-CoV-2 by lateral flow assay:
a national systematic evaluation of sensitivity and specificity for mass-testing.
EClinicalMedicine 2021:100924. doi:10.1016/j.eclinm.2021.100924.

Yamayoshi S, Sakai-Tagawa Y, Koga M, Akasaka O, Nakachi I, et al. Comparison
of rapid antigen tests for COVID-19. Viruses 2020;12(12). doi:10.3390/v12121420.
The World Health Organisation. https://www.who.int/news/item/28-09-2020-
global-partnership-to-make-available-120-million-affordable-quality-covid-19-
rapid-tests-for-low-and-middle-income-countries [accessed 9th June 2021].
2021

Fu Q Wu Z, Li X, Yao C, Yu S, et al. Novel versatile smart phone based
microplate readers for on-site diagnoses. Biosens Bioelectron 2016;81:524-31.
doi:10.1016/j.bios.2016.03.049.

Brendish NJ, Poole S, Naidu VV, Mansbridge CT, Norton NJ, et al. Clinical impact
of molecular point-of-care testing for suspected COVID-19 in hospital (COV-
19P0C): a prospective, interventional, non-randomised, controlled study. Lancet
Respir Med 2020;8(12):1192-200. doi:10.1016/s2213-2600(20)30454-9.
Larremore DB, Wilder B, Lester E, Shehata S, Burke JM, et al. Test sensitivity is
secondary to frequency and turnaround time for COVID-19 screening. Sci Adv
2021;7(1). doi:10.1126/sciadv.abd5393.

Walker AS, Pritchard E, House T, Robotham ]V, Birrell P], et al. Ct thresh-
old values, a proxy for viral load in community SARS-CoV-2 cases, demon-
strate wide variation across populations and over time. Medrxiv 2021
2020.2010.2025.20219048. doi:10.1101/2020.10.25.20219048.

Walsh KA, Jordan K, Clyne B, Rohde D, Drummond L, et al. SARS-CoV-2 de-
tection, viral load and infectivity over the course of an infection. J Infect
2020;81(3):357-71. doi:10.1016/.jinf.2020.06.067.

Muhi S, Tayler N, Hoang T, Ballard SA, Graham M, et al. Multi-site assessment
of rapid, point-of-care antigen testing for the diagnosis of SARS-CoV-2 infection
in a low-prevalence setting: a validation and implementation study. Lancet Reg
Health Western Pac 2021;9:100115. doi:10.1016/j.lanwpc.2021.100115.

22.

23.

24.

25.

26.

28.

29.

30.

31

—_

32.

33.

34,

35.

36.

37.

[m5G;October 11, 2021;11:34]

Journal of Infection xxx (xxxx) xxx

LY.W. Lee, S. Rozmanowski, M. Pang, A. Charlett, C. Anderson et al. SARS-CoV-2
infectivity by viral load, S gene variants and demographic factors and the util-
ity of lateral flow devices to prevent transmission. clinical infectious diseases:
an official publication of the infectious diseases society of America 2021. doi:
10.1093/cid/ciab421.

Bullar dJ, Dust K, Funk D, Strong JE, Alexander D, et al. Predicting infectious
severe acute respiratory syndrome coronavirus 2 from diagnostic samples. Clin
Infect Dis Off Pub Infect Dis Soc Am 2020;71(10):2663-6. doi:10.1093/cid/ciaa638.
La Scola B, Le Bideau M, Andreani ], Hoang VT, Grimaldier C, et al. Vi-
ral RNA load as determined by cell culture as a management tool for dis-
charge of SARS-CoV-2 patients from infectious disease wards. Eur ] Clin Micro-
biol Infect Dis Off Pub Eur Soc Clin Microbiol 2020;39(6):1059-61. doi:10.1007/
$10096-020-03913-9.

Romero-Gémez MP, Gémez-Sebastian S, Cendejas-Bueno E, Montero-Vega MD,
Mingorance ], et al. Ct value is not enough to discriminate patients harbouring
infective virus. J Infect 2021;82(3):e35-7. doi:10.1016/j.jinf.2020.11.025.
Singanayagam A, Patel M, Charlett A, LopezBernal ], Saliba V, et al. Duration of
infectiousness and correlation with RT-PCR cycle threshold values in cases of
COVID-19, England, January to May 2020. Euro Surveill Bull Eur sur les Maladies
Transm = Eur Commun Dis Bull 2020;25(32). doi:10.2807/1560-7917.e5.2020.25.
32.2001483.

. Yamada S, Fukushi S, Kinoshita H, Ohnishi M, Suzuki T, et al. Assessment of

SARS-CoV-2 infectivity of upper respiratory specimens from COVID-19 patients
by virus isolation using VeroE6/TMPRSS2 cells. BM] Open Respir Res 2021;8(1).
doi:10.1136/bmjresp-2020-000830.

The World Health Organization. SARS-CoV-2 antigen detecting rapid diagnostic
test implementation projects. https://www.who.int/news-room/articles-detail/
sars-cov-2-antigen-detecting-rapid-diagnostic-test-implementation-projects
[accessed 6th June 2021]. 2021

UK Goverment. Rapid evaluation of OptiGene RT-LAMP assay (di-
rect and RNA formats). https://www.gov.uk/government/publications/
rapid-evaluation-of-optigene-rt-lamp-assay-direct-and-rna-formats/
rapid-evaluation-of-optigene-rt-lamp-assay-direct-and-rna-formats
June 9th 2021]. 2021

Baro B, Rodo P, Ouchi D, Bordoy AE, SayaAmaro EN, et al. Performance char-
acteristics of five antigen-detecting rapid diagnostic test (Ag-RDT) for SARS-
CoV-2 asymptomatic infection: a head-to-head benchmark comparison. J Infect
2021;82(6):269-75. doi:10.1016/j.jinf.2021.04.009.

Lefever S, Indevuyst C, Cuypers L, Dewaele K, Yin N, et al. Comparison of the
quantitative DiaSorin liaison antigen test to reverse transcription-pcr for the di-
agnosis of COVID-19 in symptomatic and asymptomatic outpatients. J Clin Mi-
crobiol 2021;59(7):e0037421. doi:10.1128/jcm.00374-21.

Pollock NR, Savage TJ, Wardell H, Lee RA, Mathew A, et al. Correlation of SARS-
CoV-2 nucleocapsid antigen and RNA concentrations in nasopharyngeal samples
from children and adults using an ultrasensitive and quantitative antigen assay.
J Clin Microbiol 2021;59(4). doi:10.1128/jcm.03077-20.

Van Wesenbeeck L, Meeuws H, D'Haese D, Ispas G, Houspie L, et al. Sampling
variability between two mid-turbinate swabs of the same patient has impli-
cations for influenza viral load monitoring. Virol J 2014;11:233. doi:10.1186/
$12985-014-0233-9.

Shan D, Johnson JM, Fernandes SC, Suib H, Hwang S, et al. N-protein
presents early in blood, dried blood and saliva during asymptomatic and
symptomatic SARS-CoV-2 infection. Nat Commun 2021;12(1):1931. doi:10.1038/
s41467-021-22072-9.

Neuman BW, Kiss G, Kunding AH, Bhella D, Baksh MF, et al. A structural
analysis of M protein in coronavirus assembly and morphology. J Struct Biol
2011;174(1):11-22. doi:10.1016/j.jsb.2010.11.021.

Alexandersen S, Chamings A, Bhatta TR. SARS-CoV-2 genomic and subgenomic
RNAs in diagnostic samples are not an indicator of active replication. Nat Com-
mun 2020;11(1):6059. doi:10.1038/s41467-020-19883-7.

Huber VC, Lynch JM, Bucher D], Le ], Metzger DW. Fc receptor-mediated phago-
cytosis makes a significant contribution to clearance of influenza virus in-
fections. J Immunol 2001;166(12):7381-8 (Baltimore, Md: 1950). doi:10.4049/
jimmunol.166.12.7381.

[accessed


https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1016/s0140-6736(20)32661-1
https://doi.org/10.1371/journal.pmed.1003346
https://doi.org/10.1126/scitranslmed.abc7075
https://doi.org/10.1371/journal.pntd.0008855
https://doi.org/10.1016/j.aca.2020.10.009
https://doi.org/10.1016/s2666-5247(21)00056-2
https://doi.org/10.1016/j.jcv.2021.104789
https://doi.org/10.1016/j.jcv.2021.104781
https://doi.org/10.1016/j.eclinm.2021.100924
https://doi.org/10.3390/v12121420
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low-and-middle-income-countries
https://doi.org/10.1016/j.bios.2016.03.049
https://doi.org/10.1016/s2213-2600(20)30454-9
https://doi.org/10.1126/sciadv.abd5393
https://doi.org/10.1101/2020.10.25.20219048
https://doi.org/10.1016/j.jinf.2020.06.067
https://doi.org/10.1016/j.lanwpc.2021.100115
https://doi.org/10.1093/cid/ciaa638
https://doi.org/10.1007/s10096-020-03913-9
https://doi.org/10.1016/j.jinf.2020.11.025
https://doi.org/10.2807/1560-7917.es.2020.25.32.2001483
https://doi.org/10.1136/bmjresp-2020-000830
https://www.who.int/news-room/articles-detail/sars-cov-2-antigen-detecting-rapid-diagnostic-test-implementation-projects
https://www.gov.uk/government/publications/rapid-evaluation-of-optigene-rt-lamp-assay-direct-and-rna-formats/rapid-evaluation-of-optigene-rt-lamp-assay-direct-and-rna-formats
https://doi.org/10.1016/j.jinf.2021.04.009
https://doi.org/10.1128/jcm.00374-21
https://doi.org/10.1128/jcm.03077-20
https://doi.org/10.1186/s12985-014-0233-9
https://doi.org/10.1038/s41467-021-22072-9
https://doi.org/10.1016/j.jsb.2010.11.021
https://doi.org/10.1038/s41467-020-19883-7
https://doi.org/10.4049/jimmunol.166.12.7381

